The impacts of summer heat events on the mortality of the Slovak population, both in total and for selected population sub-groups, 
Introduction
Heat is the deadliest of all atmospheric phenomena (Changnon et al., 1996; Sheridan and Kalkstein, 2004) . Heat-related mortality can be defined as the incidence of deaths which would not occur in the absence of heat stress (Zaninović and Matzarakis, 2014) . Only a small portion of heat-related deaths is caused directly by hyperthermic conditions (overheating, heatstroke, etc.); high temperatures, however, contribute to a more pronounced pathogenesis of other, in the end deadly illnesses, especially of the circulatory and respiratory systems (e.g. Keatinge, 2003; Kenney et al., 2014) .
Possible negative impacts of hot weather on the health status of the human population came to light under the current conditions of a changing climate, expressed, inter alia, by increases in the general occurrence of very high temperatures. Even in Slovakia, the trends of long-term variability in characteristics of excessive heat stress have changed significantly (Labudová et al., in press) and this is also confirmed by the findings of several other studies (e.g. Faško et al., 2013; Kolláriková et al., 2013) . It should be noted that after the dissolution of the Institute of Human Bioclimatology in Bratislava in 1994, however, research in the area of human biometeorology was practically nonexistent in Slovakia. Therefore, no new expert studies concerned with weather influences on the health status of the Slovak population were conducted. This contribution thus represents a pilot initiative in this area of research after two decades. Its parallel objective is to create a knowledge base for this research issue in Slovakia.
The paper focuses on the impacts of summer heat events on human mortality during a 17-year period, with the entire population of the Slovak Republic being the object of interest. Unfortunately, due to the extent of available mortality data, the analysis did not include some relatively recent exceptional heat situations. Such periods of prolonged hot weather occurred mainly in the summers of 1992 and 1994, during which mortality increased considerably in the neighbouring states, for example, in the Czech Republic (Kyselý, 2004) or in Poland (Kuchcik and Degórski, 2009) . Even in the period analyzed in this study (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) , however, several summers with remarkably long durations of heat events were recorded, in which the Slovak population was exposed to a number of extremely hot episodes. Our intention was to evaluate both overall mortality during the heat events, as well as during the major individual historical heat events and most severe summers. In the absence of research in this area, both approaches represent useful sources of information, e.g. for potential public health measures during severe heat episodes in the future. Apart from evaluating the magnitude of heat impacts, we have also focused on the evaluation of other selected aspects of the heat-mortality relationship. Because of the existing "spatial gap" in the research of this issue, we turned our attention to complex comparisons of our results with a summary of findings in a broader geographical context, mainly that of Central Europe.
Theoretical background
Under current climate conditions, the issue of high temperatures impacts on human mortality has received DOI: 10.1515/mgr-2015-0018 greater attention from scientists, especially due to the occurrence of some unprecedented extreme heat waves. Recently, since 2000, the exceptional mortality crisis was caused by heat waves in the extremely hot summer of 2003 (Kosatsky, 2005; García-Herrera et al., 2010) , in which Western and Southwestern Europe were most severely affected, mainly in the first two weeks of August. During that summer there were almost 75,000 excess deaths in 16 European countries, from Spain to Poland and from Denmark to Italy (Robine et al., 2008) . France was particularly affected, with nearly 15,000 excess deaths recorded just during the strongest August crisis (Fouillet et al., 2006; Toulemon and Barbieri, 2008) . According to de Bono et al. (2004) , with regard to the number of victims, the summer heat waves of 2003 were one of the worst natural disasters in Europe in the last 100 years, and absolute worst in the last 50 years. It is logical that this so-called 2003 big European heat wave has become an example of what a typical heat wave in a warmer climate might be like (Gosling et al., 2009 ).
In the summer of 2010, another anomalously hot period affected the European part of Russia in particular. Here, according to some estimates, in comparison to previous years mortality increased by 54,000 cases in July and August, approximately 11,000 of which were in Moscow. Taking into account the size of the affected population, it is stated that this heat wave was 2.4 times more dangerous than the 2003 European heat wave (Revich, 2011; Shaposhnikov et al., 2014) .
In recently published studies, excess mortality has also been evaluated separately during other extreme summer heat waves in various parts of Europe: for example in 2006, it was mainly in Western Europe (Fouillet et al., 2008; Monteiro et al., 2013; Knobová et al., 2014) ; in 2007, mainly in Central and Southeastern Europe (Overcenco, 2010; Páldy and Bobvos, 2010; Opopol et al., 2012; Bogdanović et al., 2013; Corobov et al., 2013; Stanojević et al., 2014) ; and in Central Europe, most recently in 2011 and 2012 (Páldy and Bobvos, 2012) .
The largest increase in mortality during heat episodes is recorded mainly on days with the most uncomfortable temperature conditions (Matzarakis et al., 2011) . Special attention is dedicated to situations with an extended duration of heat stress. Despite the capacity of the human organism to tolerate extreme heat stress for short periods of time, periods with longer duration represent a different group of stressors associated with a larger risk of death, as a sequence of consecutive hot days puts a higher strain on the human thermoregulatory system (e.g. Gosling et al., 2009; Kenney et al., 2014) .
There was a particularly higher risk of death found in persons within several specific population groups, which have logically become a centre of interest in the corresponding analyses. Proper identification of these groups is decisive for possible public health interventions and their effectiveness (Hajat and Barnard, 2014) .
Most European studies confirm that females are usually a more vulnerable group (Kovats and Hajat, 2008) , and in Central Europe this situation is quite consistent (e.g. Hutter et al., 2007; Kyselý and Plavcová, 2012; Páldy and Bobvos, 2012) . The results of several European research publications have shown somewhat higher long-term sensitivity in females during heat waves when taking into account variations in age structure as well (Matzarakis et al., 2011; Hajat and Barnard, 2014) .
From the physiological point of view, the organism in old age can not fully compensate meteorological effects in a natural way due to a multitude of factors (Morabito et al., 2012) . Indeed, increases in mortality of the elderly tend to be among the largest in heat episodes (e.g. Basu, 2009; Oudin �strom et al., 2011; Yu et al., 2012; Kenney et al., 2014) . This can be essential information in the context of population ageing, which is, in both the shortand the long-term, an important current problem in the Slovak population as well (Mládek and Káčerová, 2008) . As the elderly are expected to be potentially more susceptible to heat exposure, an aging population is logically more at risk (e.g. Gosling et al., 2009; Kenney et al., 2014) . This hypothesis was confirmed in the Czech Republic (Kyselý and Plavcová, 2012) , and it could also apply to Slovakia where population ageing shows an exceptionally high degree of similarity to that of the Czech Republic (Káčerová et al., 2012) .
People suffering from circulatory system diseases are often found to be at the highest risk in relation to higher air temperatures in biometeorological research (e.g. Basu, 2009; Hajat and Barnard, 2014; Kenney et al., 2014) . Slovakia belongs to the set of European countries with high mortality rates from diseases of this group (Baráková, 2009; Helis et al., 2011; Šprocha et al., 2015) .
To determine true (net) heat-related mortality, investigators must account for a compensating effect of mortality displacement (also known as harvesting) (Saha et al., 2014) . The basic principle of this phenomenon is that an extreme weather event (such as a heat period) mainly affects people with poor health, who would die in a very short period of time anyway, regardless of the weather (Gosling et al., 2014) . In other words, a negative weather event kills some of those people who would have died soon under normal weather conditions. This means that an extreme weather event in fact does not cause true excess mortality, but only a short-term shift in deaths among terminally-ill people (Martiello and Giacchi, 2010) , and a period of elevated mortality is followed by a compensatory period with a deficit of deaths.
In several publications (e.g. Gosling et al., 2009; Plavcová and Kyselý, 2014) there are discussions that some of the analyses in biometeorological research cover a relatively short time period (most often individual heat waves and individual hot summers), or the research is commonly established on relatively small population samples from single or only a small number of hospitals (this is how the latest research has been done in Slovakia as well: see Štvrtinová et al., 1990; Čabajová et al, 1999; Čabajová, 2005) . One advantage of this group of investigations, for example, is a higher quality-determined cause of death of a person based on a medical or autopsy record, compared to cases when the official cause of death is determined only on the basis of the examining doctor's report. Nevertheless, the collection of clinical data from larger territories with larger population samples is usually complicated, and it is also necessary to consider that people do not always die in hospitals or undergo autopsies.
Material and methods

Meteorological data
Data on daily mean air temperature and daily mean water vapour pressure (the latter, for discussion purposes only) was used. Daily means are calculated from actual temperatures observed at 7, 14, 21 hrs local time.
Data series from 23 climatological stations (Fig. 1) over the period 1996-2012 were provided by the Slovak Hydrometeorological Institute. The stations represent the whole territory and include the various climatic regions of Slovakia. Likewise, the stations represent various altitudes except for the mountain and high mountain ranges, in which permanent settlements are not located or where there is a negligible number of inhabitants. In the end, the stations represent practically all of the most densely populated areas ( Fig. 1 ) and, at the same time, take into account the distribution of the Slovak population in terms of the absolute number of inhabitants in the studied time period.
Identification of heat events
According to Robinson's (2001) general definition, a heat wave is an extended period of unusually high atmosphericrelated heat stress, which causes temporary modifications in lifestyle and which may have adverse health consequences for the affected population. Based on this definition, the author specifically mentions that heat waves can not be evaluated without considering their impacts on human society. Robinson further states that a definition of heat wave must include the combined effect of weather elements and effects which affect the thermal sensation of the human body. Also, defined thresholds have to consider the effects of both daytime high and night-time low air temperatures, respecting the variability of climatic conditions in the given area. The effect of duration also needs to be included (Robinson, 2001) , which also results from another general definition by Gosling et al. (2014) , according to which a heat wave is a period of extreme high temperature that lasts several days. Due to the fact that not all of the above-mentioned criteria were respected precisely in our analysis, we prefer more simple terms rather than "heat wave" in our terminology.
Furthermore, a specific universal definition to determine a heat wave has not been generally accepted in the scientific literature (e.g. Robinson, 2001; Kuchcik, 2006; Gosling et al., 2009) . Likewise, heat episodes still do not have an official definition in Slovak meteorological and climatological practice nor in public health, and they are not monitored in Slovakia to create an early warning system (Koppová, 2011) . In our analysis, we applied the quantile approach (cf. Gosling et al., 2009 ) to identify "heat days" as the days when the daily mean air temperature anomaly from normal exceeded the value of the 90 th percentile of its empirical distribution in the summer months (June, July, August) over the full period of interest (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) . To evaluate the effects of the most extreme temperatures, we also similarly determined the days with anomalies above the 95 th percentile value -we define these as "strong heat days".
An advantage of using anomalies from normal is that it effectively removes the mean temperature variation between stations (effects of various elevations, specific locations, etc.). Anomalies were specifically set for each of the stations and consequently an average value representing the entire Slovak territory was calculated. When calculating temperature normals, the annual cycle was smoothed by 7-day centred moving averages. This type of smoothing was chosen from several alternatives as optimal, because it preserves the annual cycle singularities to a suitable degree and simultaneously it smoothes its irregularities (large day-to-day variability). In addition, 7-day moving averages correspond well with the mean duration of a natural synoptic period (Sobíšek, 1993) .
Fig. 1: Location of climate stations and population density in Slovak communes (according to the 2001 Population and Housing Census) Source: Prepared following Kusendová and Tomášiková (2006)
We use the term 'heat events' for the compact episodes of heat in this paper. 'Heat events' were classified according to their duration. Our main focus was on the events with duration of two or more "heat days", and we define these situations as multi-day "heat periods", while 'isolated heat day' refers to a one-day heat event. According to Kyselý and Plavcová (2012) , hot spells of at least 2 days result in a much higher response in mortality than isolated hot days. At least two-day duration is also recommended by Robinson (2001) , and last but not least, such a selection is more suitable with respect to duration criterion as specified in general definitions of heat episodes. Multiple heat events, separated by only one non-heat day with a slight drop of temperature anomaly below the threshold, were evaluated together as a single heat period. In our terminology please note that 'strong heat events' relate to 'strong heat days', but their further classification based on duration was not used.
There are several reasons why we prefer applying the simple daily mean air temperature variable as the mortality predictor rather than any of the biometeorological indices (de Freitas and Grigorieva, 2015) . Based on their analysis, Barnett et al. (2010) recommend the use of simple air temperature characteristics when assessing heat-related mortality due to practical reasons such as their longterm availability, the smaller number of missing data in time series, and good spatial coverage of the studied area. The authors of that study did not find any significant differences between the usage of simple air temperature characteristics and biometeorological indices, and state that the selection of the mortality predictor is much less important than some other tasks. Daily mean temperature is an equivalent alternative, and in the case of an evaluation of heat-related mortality it shows similar results as various biometeorological indices according to other studies as well (Kim et al., 2011; Vaneckova et al., 2011) . Urban and Kyselý (2014) also confirmed this finding in Central Europe when evaluating heat effects on cardiovascular mortality in the neighbouring Czech Republic.
Mortality data
A database of deaths for the years 1996-2012 was provided by the Public Health Authority of the Slovak Republic based on datasets of the Statistical Office of the Slovak Republic. Each death record includes the date of death. Based on this information, daily death counts were established. Each record also includes information on the sex and age of the deceased, as well as the cause of death. After reviewing the quality of these data, in addition to total (all-cause) mortality, mortalities of three specific population sub-groups were also analysed: by sex, both males and females; and by age, the elderly aged 70 years and older. Country-wide mortality was evaluated: the whole country population is usually exposed to heat situations, which tend to be spatially extensive events, so they easily impact the entire territory of Slovakia (~49,000 sq km).
For the purpose of mortality evaluation, we applied the procedure of calculating deviations of death counts from baseline (expected) mortality (cf. Gosling et al., 2009 ); this procedure is known as indirect standardization. Baseline daily mortality values were calculated based on the methodology used over a longer period of time in the biometeorological research in the Czech Republic (e.g. Kyselý, 2004; Kyselý and Kříž, 2008; Kyselý and Plavcová, 2012 ; the latest exact procedure is described in detail, for example, in the study by Hanzlíková et al., in press).
Daily baseline mortality M 0 (y,d) for year y and day d was calculated as follows:
where M 0 (d) denotes the mean annual cycle of mortality in the period of interest determined as the average number of deaths in the given day of the year; W(y,d) is the correction factor for the weekly cycle of mortality for individual days of the week, defined as the ratio of mean mortality on a given day of the week to the overall mean daily mortality, with the influence of public holidays eliminated; and Y(y) is the correction factor for year-to-year changes in mortality, defined as the ratio of number of deaths in the given year to the mean annual number of deaths during the analysed period.
The correction factors W(y,d) and Y(y) were calculated over the period May-September, outside the season of influenza, influenza-like illnesses and acute respiratory infections, which could significantly affect mortality. This modification in the selection of time period for calculating correction factors was our only adjustment in the process of mortality data standardization presented in the source publication (cf. Hanzlíková et al., in press) , resulting from the unavailability of necessary epidemiological data.
Deviations of observed mortality from baseline (expected) mortality were calculated for each day and summed (absolute characteristics)/averaged (relative characteristics) over the relevant time periods of heat events. Immediate direct effects on mortality (without lags) were considered. The 95% confidence interval was selected to evaluate the statistical significance of deviations. Confidence intervals of deviations were calculated based on the procedure suggested by Morris and Gardner (1988) for a Poisson-distributed variable. This method is suitable for the approximation of larger statistical samples with more than 20 observed cases.
This complete methodological approach of calculating baseline mortality and of following the establishment of mortality deviations is appropriate when analysing longer time series, as such an approach takes into account both longterm (reflecting especially overall socioeconomic changes) and short-term changes in mortality (Gosling et al., 2009; Hanzlíková et al., in press ).
Target population
In terms of the number of inhabitants, Slovakia represents a mid-sized European population. Between 1996 and 2012, the mid-year population on July 1 st fluctuated around the value of 5.4 million (Statistical Office of the Slovak Republic, 2014). In the summer months of 1996-2012, the average daily total number of deaths was 137.2, of which 64.5 (47.0% of total mortality) of the deceased were females, 72.7 (53.0%) males, and 82.5 (60.1%) the elderly aged 70 years and older. A more detailed picture of the corresponding mortality trends in Slovakia in the long term can be found in the recent study by Šprocha et al. (2015) .
Results
Basic evaluation of overall (long-term) impacts of the heat events on mortality
Daily mean air temperature anomaly, necessary for classification of situations as heat days (strong heat days), was 3.90 (4.97) °C. The average anomaly during heat events (strong heat events) was 5.23 (6.01) °C. We would like to emphasise that all of the presented temperature anomalies represent spatial averages calculated from a larger number of stations (see Fig. 1 and Section 3.2: Identification of heat events, above).
In the 17-year period under investigation, more than 2,160 excess deaths in total were recorded in Slovakia during the identified heat events (157 days in total). This value represents a total relative increase of 9.9% (95% CI: 8.5% to 11.3%) compared to expected mortality. The mortality increase was more pronounced among females (11.4%; 95% CI: 9.4% to 13.5%) in comparison with males (8.5%; 95% CI: 6.6% to 10.5%). An excess mortality of 11.3% (95% CI: 9.5% to 13.2%) was found in the elderly at the age of 70 and older. The approximate proportion of excess deaths in total excess mortality was 55% for women and 69% for the elderly.
If we focus only on strong heat events (79 days in total), increases in relative deviations of mortality were even higher by 3 to 5%. In total mortality, it was 13.9% (95% CI: 11.9% to 15.9%), i.e. more than 1,530 deaths. This means that approximately 70% of all heat events-induced excess deaths were recorded during strong heat events. In individual population groups, mortality increased by 13.3% (95% CI: 10.6% to 16.1%) for males, by 14.5% (95% CI: 11.6% to 17.4%) for females, and by 16.2% (95% CI: 13.6% to 18.8%) for the elderly. The approximate proportion of excess deaths in total excess mortality during strong heat events was 50% for women and 71% for the elderly.
Mortality during the major heat events
An overview of most severe individual multi-day heat periods and their impacts on mortality is shown in Table 1 . Annual statistics of summer heat events and corresponding mortality are presented in Figure 2 . Selected summers are separately shown in Figure 3 .
The longest total duration of heat events in the analysed period occurred in 2012. During 21 days of summer heat events in this year, a 13.0% (95% CI: 9.2% to 17.0%) increase in total mortality was recorded, accounting for more than 370 excess deaths. Within individual 2012 heat periods, a large part of the excess deaths was caused by the period that began on the very last day of June. In relation to heat events in the first half of the summer of 2012, a remarkable deficit in mortality occurred between the 13 th and 23 rd of July, which may correspond to a mortality displacement effect. In total mortality, this 11-day reduction was statistically significant (-13.5%; 95% CI: -18.2% to -8.7%) and it compensates for more than 200 deaths from the total of approximately 230 excess deaths recorded during heat events in the first half of summer 2012.
Total mortality during the 2010 summer heat events exceeded the expected value by 13.6% (95% CI: 9.2% to 18.3%), i.e. almost 300 excess deaths during the 15 days of heat events. The heat peaked in an extreme one-week heat period in mid-July with a highly significant increase in mortality. Shortly after this period, another short period with lower impacts on mortality occurred, followed by a significant -5.1% (95% CI: -8.9% to -1.0%) deficit between the 24 th July and 9 th August, which is equivalent to more than 120 displaced deaths. Even though a higher sensitivity of females was characteristic both in general, as well as during the majority of individual heat events, a much higher excess mortality of males was recorded for the most severe heat period in July 2010. This finding generally applies to all 2010 heat events as well: an excess of 15.0% (95% CI: 9.0% to 21.7%) was found in the case of men, while for women: 12.2% (95% CI: 5.8% to 18.7%).
During the summer heat events of 2007 (13 days), a total mortality increase of 12.4% (95% CI: 7.6% to 17.3%) was recorded in Slovakia. In the dominant extreme heat period in July, the most fatal day (19 th July 2007) of the entire analysed period was recorded, with both the highest absolute (almost 65 excess deaths) and relative (44.4%; 95% CI: 25.4% to 65.4%) deviation of total mortality. A large significant increase during this 8-day heat period, accounting for around 220 excess deaths, was followed by an extended period of reduced mortality. Between the 25 th July and 17 th August 2007, total mortality was -3.8% (95% CI: -7.1% to -0.4%) below the baseline, meaning a deficit of around 125 deaths. The next compact period of time with mortality well below the expected level was recorded in the first half of September 2007, when during the first thirteen days of the month the deviation of mortality reached negative values in all but two days (not shown). The deficit was statistically significant as well (-4.9%; 95% CI: -9.4% to -0.3%), accounting for approximately 90 displaced deaths.
During the very hot summer of 2003, a long total duration (17 days) of heat events was recorded. With the exception of the period at the beginning of June, however, these were just isolated heat days or 2-day heat periods. Altogether, 2003 summer heat events caused only a moderate increase in total mortality by 6.0% (95% CI: 1.8% to 10.3%) compared to the expectation. Other remarkable individual heat periods (Tab. 1) and summers (Fig. 2) , respectively, with significant impacts on mortality, were recorded in 1998, 2000 and 2006. In addition to the situations in 2010 and 2012 described above, among the last three analysed years, 2011 summer heat events (12 days in total) also resulted in a significant increase (11.1%; 95% CI: 5.8% to 16.3%) in total mortality.
Fig. 2: Duration of heat events, average value of daily mean temperature anomaly (left chart) and total mortality deviations (right chart) during 1996-2012 summer heat events in Slovakia.
Mortality during isolated heat days and multi-day heat periods
Twenty-one isolated heat days (with average daily mean temperature anomaly of 4.56 °C) and forty multi-day heat periods (5.33 °C) were recorded. The increase in mortality was much higher during the multi-day periods, while it was even statistically not significant for the isolated heat days (Tab. 2). From the total amount of 2,160 excess deaths, more than 96% were recorded during multi-day heat periods.
Mortality regime related to multi-day heat periods
In the period 1996-2012, 2.35 multi-day heat periods occurred per year on average, with average duration of 3.4 days. Since the multi-day periods were responsible for the vast majority of total excess deaths, we analysed a typical regime of mortality in the time sequence of 5 days (day -5) before the onset of a heat period, up to 30 days (day 30) after the onset (Fig. 4) .
On average, there was a slight, but only in a few cases statistically significant, increase in mortality prior to the onset of a heat period on almost all days of the 5-day pre-sequence. At the beginning of a heat period (day 0), mortality rose significantly and remained markedly high for several following days. Soon afterwards, a decrease to below-baseline level was observed and negative deviations of mortality persist until the end of the whole 30-day sequence after the onset of a heat period. This indicates the effect of mortality displacement.
Mortality effects are in line with the results presented earlier, being more pronounced in females and the elderly. With a focus on the following most critical days, male mortality was more pronounced on the initial day of a heat period (day 0). The highest relative deviation of mortality from baseline was reached for the whole population and both gender groups one day (day 1) and for the elderly two days (day 2) after the onset of a period. Another interesting finding is that deviations of mortality stayed consecutively positive, on average, for a week (days 0 to 6) of a heat period in all population groups, with the exception of males in which mortality was above the baseline for just the first five days (days 0 to 4) of a period.
Discussion
Overall long-term heat impacts on mortality
Despite differences in methods and the time periods used, overall increases in mortality during heat events in Slovakia are in accordance with the results of studies from neighbouring countries analyzing mortality over longer time periods (e.g. Kyselý, 2004; Hutter et al., 2007; Kyselý and Kříž, 2008; Matzarakis et al., 2011; Stanojević et al., 2014) . The highest relative increases during the individual heat periods exceeded 20%, which is also similar to other Central European studies (Kyselý, 2004; Páldy et al., 2005) .
Summer heat in 2003
Although the 2003 May-August season was extremely hot in Slovakia (Faško et al., 2003) and the corresponding summer was, in terms of average temperature, the hottest in the history of meteorological observations at several stations across Slovakia, the 2003 summer heat events were associated with only a moderate 6% increase in total mortality. In spite of the diversity of applied methodologies, this value corresponds very well with the results of other studies confirming less dramatic heat impacts of the summer 
Isolated heat days Multi-day heat periods
Total mortality 2.8 (-0.9 to 6.5) 11.0 (9.5 to 12.5) Male 1.6 (-3.4 to 6.7) 9.6 (7.6 to 11.7) For example, an excess total mortality of 2.9% during four heat waves was recorded in the Czech Republic (Kyselý and Kříž, 2008) . In Prague, the increase during an extended heat peak period between the 2 nd and 22 nd of August was 3.2% (Knobová et al., 2014) , in Vienna 5% for the entire summer (Hutter et al., 2007) and in Switzerland 6.9% for the entire summer (Grize et al., 2005) . These values are considerably lower than those for the majority of the Western European countries (cf. Kosatsky, 2005; Robine et al., 2008; García-Herrera et al., 2010) , where the heat was much more severe in meteorological terms. During the first half of August, when heat waves and the mortality crisis peaked in the most impacted countries in Western Europe, no remarkable heat period was recorded in Slovakia. At the least, relatively low values of excess mortality in Slovakia could have been attributable to more comfortable humidity conditions (lower values of water vapour pressure) and also to the fact that heat events were distributed evenly throughout the summer (Fig. 3) , which likely contributed to a gradual improvement in the physiological and behavioural seasonal acclimatization of the population to the persisting hot weather.
Summer heat in 2007
The extreme heat of 2007 was primarily concentrated in Southeastern Europe and also some parts of Central Europe (Corobov et al., 2013) . In Central Hungary, including Budapest, mortality during the hottest days rose by 12% (Páldy and Bobvos, 2010) , which is a comparable value with the results of our analysis (12.4%). A particularly extreme heat spell occurred in the second half of July 2007. During this episode, mortality increased by 38% in Belgrade (Bogdanović et al., 2013) and by 32.9% in Central Hungary (Páldy and Bobvos, 2010) , and these values are much higher than in Slovakia (Tab. 1). It is necessary, however, to take into consideration the metropolitan character of Belgrade and Budapest with possibly higher mortality risks. Nevertheless, the severity of this extreme heat period is indisputable for the case of Slovakia, as this was the period during which the highest national temperature on record was observed (40.3 °C in Hurbanovo on the 20 th of July). It was the only severe heat episode in the summer of 2007 and this could play a role in a very high excess mortality recorded during this period.
No significant deficit in mortality, corresponding to mortality displacement, was recorded immediately after the July heat period in Moldova (Corobov et al., 2013) , Serbia (Bogdanović et al., 2013) , or in Hungary (Páldy and Bobvos, 2010) . The authors of the cited Moldavian study, however, noticed markedly negative excess mortality in September 2007 and they stated that this was a reduction related to post-heat mortality displacement. In Slovakia, we observed a moderate, statistically significant mortality deficit in the period of approximately three weeks after the extreme heat period in July (Fig. 3) , and a similar situation occurred in the first half of September. These deficits are most likely attributable to the mortality displacement effect. In contrast to the above-mentioned studies, an apparent extended short-term mortality displacement was observed as the result of 2007 heat events in Slovakia.
Summer heat in 2010, 2011 and 2012
Only a small number of European studies have dealt with the influence of the 2010-2012 heat episodes on mortality. In Slovakia, heat events in these summer seasons occurred with higher frequency and their response in mortality was remarkable: each year the relative deviation of total mortality from the baseline exceeded 10%.
The centre of 2010 heat was in the European part of Russia. According to Shaposhnikov et al. (2014) , total mortality in Moscow was 90% above the selected baseline for the 44-day July-August heat wave. In the same location, total mortality in July and August 2010 increased by 59.6% compared to 2009. A similar comparison for the 43 administrative regions of European Russia, including Moscow, showed an excess mortality of 19.5% and 32.6% in July and August of 2010, respectively (Revich, 2011) . It is clear that the excess during the 2010 heat episodes was much higher in Russia than in Central Europe. In Frankfurt, the total mortality increase during the 2010 summer heat waves was 22.7% (Heudorf and Schade, 2014) , and the increase during heat events identified in Slovakia (13.6%) was not negligible either. We believe that this high value may have been positively influenced by air humidity, as 2010 was by far the most extreme year in terms of record-breaking precipitation in Slovakia. Precipitation totals exceeded long-term averages practically in each month. They were especially extreme in April, May and June, and there were also large regional floods at the turn of May and June (Pecho et al., 2010) ; but rainfall was also frequent in July and August. Therefore, the pre-existing high soil humidity led to a higher evaporation and water vapour pressure (the country-wide spatial average was 20.65 hPa during the 15 days of heat events). Consequently, people were exposed to a greater temperature-humidity discomfort on the hottest days, and such conditions might have caused a more negative response in mortality.
The only European publication analysing the effects of 2011 and 2012 heat on mortality that we are aware of is a Hungarian study by Páldy and Bobvos (2012) . During the relevant hot days in the summer of 2011, total mortality in Hungary increased by approximately 13%, which roughly corresponds with the 11.1% increase observed in Slovakia. Similar results for the next year show that the 2012 summer heat spells had larger impacts on mortality in Hungary. Total mortality increased by approximately 20% in comparison with 13% during the heat events identified in Slovakia. The difference appears to be quite prominent. It is most likely the consequence of temperature conditions as heat was more intense in the regions southward from Slovakia (Hungary, Serbia, Romania, etc.).
A further difference between the results presented in our study and the results of the Hungarian study is the observation of mortality displacement in 2012. While a marked deficit in mortality was recorded in Slovakia after the major June-July heat period, this phenomenon was not observed in Hungary (Páldy and Bobvos, 2012) .
It was the period at the turn of June and July 2012 which was the most remarkable individual 2010-2012 summer heat event from a meteorological point of view. Despite the fact that mortality increased significantly during this heat period, it did not reach the high value of a comparable heat period in July 2007. A partial reason for that could be an earlier heat period in June 2012, which could have influenced mortality in the following period due to mortality displacement and positive seasonal acclimatization to heat.
Mortality displacement
We have shown that short-term mortality displacement was well expressed after the heat periods in Slovakia (Fig. 4) , particularly the most extreme individual ones (Fig. 3) . There is no general consensus about the length of the period over which mortality displacement can be expected (Toulemon and Barbieri, 2008; Saha et al., 2014) . This was the main reason why we have not defined the exact time frame during which the effect was evaluated. In Slovakia, the pattern of mortality displacement also varied in individual situations. Reduction in mortality was in some cases rapid, occurring immediately after the period of anomalously hot weather, but in other cases daily mortality deficits were smaller and remained as such for a longer period of time.
The role of mortality displacement is probably less important in situations where deaths associated with heat stress do not occur predominantly among terminally ill people (very old, suffering from chronic diseases, etc.). This is typical during most extreme heat episodes when a larger proportion of deaths might occur for otherwise immune individuals (e.g. García-Herrera et al., 2010; Hajat and Barnard, 2014; Saha et al., 2014) . As has been shown (Figs. 3 and 4) , displaced mortality accounted for a large part of excess mortality during heat periods in Slovakia, and this was also the case for the most severe individual heat events.
This finding is in accordance with studies focusing on the populations of the Czech Republic (Kyselý, 2004; Kyselý and Plavcová, 2012) and Budapest (Gosling et al., 2007) , i.e. other populations from transforming Central European countries.
With regard to displacement, there is an assumption of a true favourable impact of a lower temperature range on mortality after a period of very hot weather. On average, no unusually negative values of daily mean temperature anomaly over the days following heat periods were found (not shown). Thus, mortality displacement seemed to be a dominant factor for the extent of post-heat mortality reduction in Slovakia.
Heat impacts on selected population groups
For the Slovak population, we can confirm that the elderly are among the most sensitive population groups during heat episodes. Generally, higher risk of death was identified in females compared to males in Slovakia, although in some cases, for example, during the summer heat events of 2010, male mortality was more pronounced. The risk of death in otherwise less-sensitive males increased during the strong heat events.
Some interesting aspects of the mortality regime of the selected population groups were observed in Slovakia during the multi-day heat periods (Fig. 4) . Despite the fact that males are generally less sensitive, their mortality was better expressed on the very first day of a heat period; this suggests that men are more sensitive to the onset of extremely high temperatures. On the other hand, the most negative response in male mortality vanished in a shorter period of time in comparison to females and the elderly, in the case of which the most fatal impacts of hot weather persisted for a few more days.
Mortality related to multi-day heat periods
Multi-day heat periods were accompanied by a much higher negative response in mortality in the Slovak population, and the longest individual periods were usually the most severe events from this point of view (Tab. 1). Generally, exceptions to this situation can be caused by several factors. The number of days with particularly strong heat stress within a multi-day sequence seems to play an important role. Within-season acclimatization to high temperatures may also have an effect, i.e. negative impacts decrease in each subsequent hot period of a season due to improved physiological short-term adaptation to heat, positive changes in population behaviours during heat episodes, and possibly also due to mortality displacement (e.g. Basu and Samet, 2002; Kyselý and Plavcová, 2012) . This hypothesis partially explains the different impacts of the extreme July 2007 and June-July 2012 heat periods on mortality in Slovakia. Both of these periods were similar in terms of duration, the number of included strong heat days, or mean temperature anomalies, while the 2012 period was characterized by a higher humidity discomfort (higher average values of water vapour pressure). The observed impacts during the 2012 period, however, were markedly lower (although still fairly negative).
In relation to the multi-day heat periods, it was interesting to note that there was already a slight increase in mortality in the days before their onset (Fig. 4) . Five to two days before onset, mean temperature anomaly ranged from -0.28 to 0.67 °C, and it was even not considerably different from its long-term summer value in non-heat days (-0.51 °C).
This means that temperature conditions in the days before the onset of a heat period did not appear to have a crucial effect on elevated mortality on these days. Moreover, one day before the onset of a period, mean temperature anomaly apparently increased to 2.64 °C; however, the deviation of mortality on that day did not increase greatly and it even dropped into negative values for the elderly. Larger anomalies from the usual values in the days before the beginning of a heat period were not recorded for the water vapour pressure either. Therefore, one could discuss whether mortality was influenced by other meteorological factors besides temperature and humidity, or whether it was true pre-heat excess mortality among the most sensitive humans, perhaps associated explicitly with the weather change (i.e., the onset of warm advection).
Limitations
When assessing mortality, immediate direct effects of heat were considered, i.e. without possible lags in mortality. The strongest correlation of extreme high temperatures and elevated mortality is usually observed with lags ranging from 0 to 3 days (e.g. Basu and Samet, 2002; Gosling et al., 2009; Hajat and Kosatky, 2010; Martiello and Giacchi, 2010) . According to some of these authors, the analysis of mortality lags should be a compulsory part of heat-related mortality assessment. Hence, not taking the mortality lags into account could be considered as a certain limitation of our study.
Our analysis also does not include the possible impact of air pollution, which can play a significant role in heat-related mortality (e.g. Basu, 2009; Analitis et al., 2014; Hajat and Barnard, 2014) .
This study presents the first results of the 'high temperatures-mortality' investigation in Slovakia. We have attempted to cover a number of aspects in this relationship, but due to the complexity of the issue, of course, there is room to assess more of them in the future. In addition to the alreadymentioned factors, others include, for example, determining temperature thresholds at which mortality begins to increase, a more accurate assessment of mortality displacement, etc.
Potential target population groups based on cause of death
Our original intention was to analyse mortality during heat events by also taking into account causes of death, specifically focusing on mortality from circulatory system diseases (CSD). Following a detailed study of the relevant literature, we eventually decided to omit CSD (and any other cause-specific) mortality from our analysis. The rationale for this decision is that there is a long-term, unreliable determination (miscoding) of causes in death certificates in Slovakia, with a high rate of errors, which leads to an incorrect statistical classification of death causes following the International Classification of Diseases (ICD) subgroups and chapters (Baráková, 2011) . Despite some gradual improvement, 10% of randomly selected causes of 2010 deaths, and 12% of all officially determined causes of 2011 deaths were incorrectly classified into a different ICD chapter; it is equivalent to 5,400 and 6,200 deaths, respectively, for the entire population (Baráková et al., 2012 (Baráková et al., , 2013 . It is obvious that a high number of errors in the source data would undoubtedly lead to a considerable distortion in the obtained results. As a consequence, causespecific mortality analysis seems highly problematic in Slovakia at this time.
Conclusions
Our study, the first of its kind focusing on the Slovak population, presents a basic insight into the issue of heat impacts on mortality of the population, both overall (longterm) as well as during the major individual events.
The effects of heat events on human mortality in Slovakia fit well into the Central European context. Compared to expected values, the overall mortality of the Slovak population apparently increased during the summer heat events in the period 1996-2012. In this period, there were several extremely hot episodes in Slovakia with mortality very significantly above the baseline; especially remarkable were the summer heat events of 2007, 2010 and 2012 . A higher risk of death was found in females compared to males, and in the elderly. Multi-day heat periods had significantly larger negative impacts, and they were also characterized by differences in the mortality regimes within the examined individual population groups. Short-term mortality displacement after the end of heat periods was well expressed, and it seemed to represent a large portion of heatinduced excess deaths.
In any case, the results clearly show that heat events cause non-negligible negative responses in the mortality of the Slovak population. For this simple reason alone is it highly desirable to restart biometeorological research in the country. In addition to heat, this would be also appropriate for other weather effects on population health. In the European context, research in this area may be particularly important in transition countries (such as Slovakia), which have still not reached the level of actions as in some of the most developed countries, where successful efforts to minimize the negative effects of heat (and weather in general) on their populations have already been made (e.g. Pascal et al., 2006; Fouillet et al., 2008; Lowe et al., 2011; Bittner et al., 2013) . These results could therefore be particularly useful for future public health interventions, the implementation of which is below an adequate level in Slovakia.
Even after reaching a satisfactory state of overall social adaptability, however, unprecedented extreme heat episodes will still be associated with very large negative effects and excess mortality, even in the developed countries, and their probability is expected to rise in a changing climate (Kyselý and Plavcová, 2012) . Therefore, assessments of the 'high temperature-human mortality' relationship remain of high importance worldwide, and it is extremely important in Slovakia which is positioned at the beginning of new research in the area of human biometeorology.
